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Ever since Meldrum and Roughton discovered carbonic
anhydrase1 (CA; EC 4.2.1.1.), the zinc-containing metal-
loenzyme that catalyzes the reversible hydration of CO2

(CO2 1 H2Ou HCO2
3 1 H1), the role of the enzyme has

been thoroughly investigated. It has become clear that
the main functions of the enzyme are to produce HCO2

3

for the intermediate metabolism and to maintain pH, wa-
ter, and ion equilibrium in the body.2 The presence of the
enzyme has been proven essential in almost every organ.
A series of studies performed over many years described
nine isozymes (CA I through IX)3,4 and several CA-
related peptides/proteins.5,6 CAs show various levels of
catalytic activity and binding to inhibitors, they have con-
siderable diversity in tissue distribution and cellular and
subcellular localization, and they perform a variety of
biological functions.2–4,7 CA I is most abundant in eryth-
rocytes, but its activity is only 15% that of CA II. CA II is
a high-activity isozyme with the widest cytosolic distribu-
tion of the CAs. CA III is a very low-activity cytosolic
isozyme mainly localized in slow-twitch red skeletal mus-
cle fibers. CA IV is the membrane-bound isoform present
in the nervous system, lung, kidney, heart, and some
microcapillaries of the body. It has a high activity similar
to that of CA II. CA V is a nuclear-encoded, mitochondrial
isozyme. Its function appears important in gluconeogen-
esis and ureagenesis, as these pathways depend on
some mitochondrial enzymes. CA VI is a secretory gly-
coprotein present in saliva. CA VII is a mysterious
isozyme, because its sequence was analyzed before the
protein was purified, but no proper function has been
associated with the protein so far.

There are several CA-related peptides/proteins that
show sequence homology to CAs without CA catalytic
activity. One of the most interesting CA-related molecules
is the CA-related polypeptide6 (CARP, previously re-
ferred to as CA VIII), which seems to be expressed in
Purkinje cells during development,8 although other local-
izations of this protein cannot be excluded. The human
homologue is 98% identical with mouse CARP, reflecting
a high degree of conservation. Several forms of receptor-
type tyrosine phosphatases (RPTPs) show remarkable
homology with CA sequences but have no CA activity.
These are transmembrane proteins with proposed func-

tions such as tumor suppressor protein9 (RPTPg) or reg-
ulatory protein during central nervous system develop-
ment5 (RPTPb). Although these proteins are cloned and
their putative localization is identified, further studies are
needed to determine their exact role.

Over the past decades, serious efforts have been
made to find the role of CA in tumor progression, either as
a biomarker or a tumor-associated protein. The expres-
sion of CA I and CA II has been most frequently investi-
gated in a variety of tumor cells and cell lines,10 but it has
been difficult to find a clear-cut relationship between the
expression of CA isozymes in normal and malignant cells.
On the basis of the very few preliminary studies per-
formed, it can be concluded that CA isozymes I through
VII, which are expressed in normal tissues with differing
intensity, may also be expressed in the malignant cell
lines derived from the CA-expressing cells. However, no
evidence of a direct relationship between malignant
transformation and CA expression has been presented
for CAs I through VII. It appears that only the recently
characterized isoform CA IX is an exception, as its ex-
pression can be associated with tumorigenesis.

CAs in Nervous System Tumors

Expression of CA II was not informative in a variety of
nervous system tumors,11,12 because CA II appeared in
inappropriate cell types not corresponding to the original
restricted localization of CA II in the peripheral and cen-
tral nervous system. Therefore, CA II did not prove re-
strictive enough to be useful for screening of nervous
system tumors.

CAs in Pancreatic and Colorectal Tumors

Intense immunohistochemical staining for CA II was de-
tected in normal and neoplastic ductal cell types of pan-
creatic exocrine tissue, whereas CA I was expressed in
normal and malignant glucagon-producing pancreatic
endocrine tissue.13 Normal colonic epithelium expresses
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both CA I and CA II, but their expression is significantly
reduced in colorectal tumors.14 It appears that there is a
negative correlation between the expression of CA I/CA II
in colorectal malignant mucosa and the cell proliferation
index.15 In contrast to the reduced CA I/CA II immunore-
activity observed in colorectal tumors, these isozymes
were more abundant in stool samples of patients suffer-
ing from colorectal cancer than in those of healthy indi-
viduals. This finding is difficult to interpret, because in-
creased epithelial shedding and bleeding from the
malignant colorectal tissue may obscure the exact nature
of increased fecal CA I/II levels.16

CA IX, the Tumor-Associated Isozyme

CA IX was first found and characterized as a tumor-
associated gene product in HeLa cells that had been
co-cultured with breast carcinoma cells and was initially
called MN protein.17 At this time, it was not yet clear that
MN protein had the CA domain and activity. Later, it
became evident that one important feature of the com-
plex protein is its CA nature18; therefore, it is now called
CA IX. CA IX is a transmembrane protein embedded in
the cell membrane, although it can be immunohisto-
chemically detected both on the cell surface and in the
nucleus.19,20 Its molecular weight is 54/58 kd; the double-
band formation is probably due to posttranslational pro-
tein processing of a single gene product.18 Complemen-
tary DNA and genomic sequence analysis showed that
the CA IX protein consists of an N-terminal proteoglycan-
like region, a central CA domain, a cell surface anchor,
and an intracytoplasmic tail.18,21 The N-terminal region
shows features of a helix-loop-helix protein and may pos-
sess a DNA-binding segment. This could explain the
remarkable DNA binding capacity of CA IX. The middle
and C-terminal parts of the CA domain are highly con-
served, and the protein exerts a weak CA activity and
shows strong binding to zinc cations, which is typical of
catalytically active CAs.18 The CA domain and the N-
terminal helix-loop-helix part are thought to act together
in DNA binding, because in vitro binding of the protein
with DNA occurs only in the presence of zinc cations.
These features suggest a potential role for CA IX in reg-
ulation of cell proliferation and oncogenesis. Expression
of CA IX in HeLa cells appears to be cell density-depen-
dent. The protein is virtually not expressed by sparse cell
groups, but abundant expression is induced in dense
cultures.19 Moreover, in HeLa 3 fibroblast hybrid cells,
CA IX expression correlates with the tumorigenicity of
different hybrid cell lines. CA IX is absent in nontumori-
genic hybrid cells but is expressed in tumorigenic
clones.20,22 To study the role of the protein in regulation
of cell growth and proliferation, NIH3T3 fibroblasts, which
normally do not express CA IX, were transfected with a
plasmid containing the CA IX gene.18 Transfected cells
changed their morphology and became unable to arrest
cell proliferation, suggesting a direct role for CA IX in cell
growth regulation, when the protein is synthesized. These
findings raised further questions about the nature of CA
IX in normal and tumor cells. As CA IX was primarily

found in carcinoma cell lines and malignant tissues but
not in corresponding normal tissues, it was not clear
whether the same intact CA IX gene is expressed in
normal and carcinogenic cells. Limited search for the
localization of CA IX showed the presence of CA IX in
some normal tissues of the human (and other mamma-
lian) alimentary tract, such as stomach, intestinal, and
gall bladder epithelia. Complementary DNA sequence
analysis showed that the normal gastric CA IX cDNA
sequence was identical with that of HeLa cells, excluding
the possibility of the presence of a mutant CA IX gene in
the investigated tumor cells.23 However, in gastric tumor
samples, CA IX expression is reduced or lost, suggesting
a putative negative control of cell growth by CA IX in
normal cells.

The protein was first exclusively found in human car-
cinoma cell lines and benign neoplasms of the genital
system, but not in corresponding normal tissues.20 Liao
et al have investigated the potential role of CA IX as a
biomarker of cervical neoplasms.24 Because HeLa is a
cell line derived from a cervical carcinoma and CA IX was
first found in tumor cell lines derived from ovary, endo-
metrium, and uterine cervix, Liao et al studied the diag-
nostic value of the MN protein in various cervical carci-
nomas, including cervical intraepithelial neoplasias.
Normal cervical epithelium does not express the MN
antigen apart from the occasional weak staining of very
few basal and reserve cells. Expression of CA IX was
immunohistochemically detected in both low- and high-
grade dysplasias, in situ and invasive adenocarcinomas,
and cervical carcinomas. It was a striking finding that
normal cervical tissues adjacent to intraepithelial neopla-
sia exhibited moderate to strong staining in many reserve
and some columnar cells. It can be concluded that nor-
mal reserve cells stain positively for MN when they enter
a proliferative state, in particular in the presence of ad-
jacent intraepithelial neoplasia or carcinoma. Thus, in-
creased levels of immunohistochemically detectable MN
antigen in cervical epithelium may require a strict clinical
approach. It was also expected that exfoliative cells in
cervical Papanicolaou smears would reflect the CA IX
immunoreactivity alterations seen in whole tissue sec-
tions, and the level of gene expression in exfoliative cells
would provide information about the presence of dyspla-
sia in the cervix.25 This would be of particular interest,
because Papanicolaou smears often give false negative
results.26 Indeed, virtually all of the atypical and dysplas-
tic columnar cells in the cytological smears derived from
glandular dysplasia and in situ or invasive adenocarci-
noma expressed significant levels of CA IX immunoreac-
tivity. The reliability of CA IX immunoreactivity as a
biomarker of dysplasia was tested by histological inves-
tigation of corresponding biopsy material, and CA IX
expression in exfoliative cells recapitulated that in tissue
sections. Moreover, it became evident that expression of
CA IX in a small proportion of normal exfoliative cells is
indicative of reserve cell hyperplasia, whereas CA IX
expression in the majority of normal endocervical cells
indicates the presence of squamous dysplasia. Low-
grade dysplastic cells expressing high levels of CA IX
tend to progress to higher-grade dysplasia; thus, the
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presence of high CA IX immunoreactivity is indeed an
early biomarker of glandular dysplasia and in situ or in-
vasive adenocarcinoma. The most valuable and striking
finding in this field is that expression of CA IX is a definite
warning sign in those cells that have the cytological ap-
pearance of normal endocervical components even if no
other marker indicates the presence of dysplasia. Thus,
the use of CA IX expression may help in rescreening
doubtful cervical Papanicolaou smears or biopsy materi-
als, and thus, one may predict the progressive nature of
dysplasia in very early stages of the hyperplasia.

Recent preliminary searches for distinct genetic se-
quences of the CA IX protein amplified with the reverse
transcription-polymerase chain reaction technique have
focused on the benign and malignant tissues of the hu-
man urogenital tract. CA IX mRNA was not detected in
normal renal parenchyma, but strong mRNA signal was
found in histologically identified clear-cell renal adeno-
carcinoma, the most common form of renal cancer.27

However, no significant mRNA signal was found in sam-
ples from papillary and granular tumors of the kidney.
Interestingly, CA IX mRNA signal was observed in three
human renal tumor cell lines (SKRC-01, SKRC-08, and
SKRC-09) that have previously been shown to express
the renal carcinoma-specific cell surface marker G250,
which shows strong homology to CA IX.28 Three other
renal carcinoma lines expressed neither CA IX nor G250.
Further histological studies may elucidate whether CA IX
is indeed a specific marker for clear-cell renal adenocar-
cinoma and whether the expression of CA IX depends on
the level of differentiation of tumor cells.

Saarnio et al29 have provided evidence in this issue of
The American Journal of Pathology for the clear-cut asso-
ciation of CA IX expression with cell proliferation of colo-
rectal tumors and dysplasias. They detected CA IX in
colorectal carcinomas and mapped the expression of the
nuclear Ki-67 antigen in serial parallel sections. The Ki-67
antigen appears to be a reliable marker of cell prolifera-
tion in the colon.30 They presented evidence that CA IX
expression was primarily localized to areas of rapid cell
proliferation as indicated by Ki-67 immunoreactivity. CA
IX was present in normal cryptal cells and in the cryptal
area of hyperplastic polyps. Similar to findings in cervical
dysplasias and carcinomas, CA IX showed intense im-
munoreactivity in surface epithelial cells of adenomas
and a more diffuse staining pattern in carcinomas than in
benign neoplasms.

It can be concluded that these preliminary studies
have already shown the importance and usefulness of CA
IX in histopathological diagnosis. However, it is not clear
yet whether CA IX is really a good indicator of tumor
differentiation. It appears that malignant tissues show a
more diffuse staining pattern than benign tumors, but this
feature of CA IX expression is too general to be applied to
every tumor expressing CA IX. This protein is definitely
associated with cell growth, but its role is not determined
yet, although it cannot be excluded that CA IX is not only
a biomarker but has an active role in cell cycle regulation.
It is likely that CA IX is expressed by rapidly proliferating
tumor cells or cells that are about to enter the proliferative
state, because the CA domain and other elements of the

molecule take part in the regulation of cell growth in
certain tumor cell types. However, further studies should
elucidate whether CA IX may be involved in the patho-
genesis of certain tumors.
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